Background: Dengue fever transmitted by the mosquito Aedes aegypti, is one of the most rapidly spreading insect borne diseases, stimulating the search for alternatives to current control measures. The dengue vector A. aegypti has received less attention than anophelene species, although more than 2.5 billion people are at risk of infection worldwide. Entomopathogenic fungi are emerging as potential candidates for the control of mosquitoes. Here we continue our studies on the pathogenicity of the entomopathogenic fungus Metarhizium anisopliae against adult A. aegypti females. With the aim of further reducing mean survival times of A. aegypti exposed to fungus impregnated surfaces, a sub-lethal concentration of the neonicotinoid insecticide Imidacloprid (IMI) was added to fungal suspensions.
Background
During the 2008 Dengue epidemic in Brazil, 743,517 cases were registered, falling to 387,158 cases in 2009, resulting in 98 deaths from dengue haemorrhagic fever and 58 deaths for Dengue related complications [1] . Up until October 2010, 936,260 cases had been notified with 592 Dengue related deaths [2] . With the development of a multi-sorotype vaccine still a distant goal, the only means of reducing infection rates is to control the insect vector.
Conventional mosquito control measures in Brazil consist of year-round vigilance, continuous applications of chemical or biological larvicides, elimination of breeding sites and during Dengue outbreaks, spray application of insecticides for reduction of adult mosquito populations [3] . The efficiency of year-round interventions has been recently questioned by Luz et al. [4] , who demonstrated by mathematical modeling that interventions with chemical insecticides for larval and adult A. aegypti control need only be performed at the start of the Dengue season for optimal results. Furthermore, adult control using insecticide treated surfaces and lethal ovitraps were more effective than conventional adult control measures (ultra-low volume insecticide spraying). However, a faster resistance evolution was predicted for these new approaches [4] .
Studies have shown the widespread resistance of A. aegypti larvae to the organophosphate temephos throughout Brazil [5] . Resistance of adult A. aegypti to the currently used pyrethroids such as cypermethrin and deltamethrin has also been reported [6] . Therefore new approaches are urgently needed.
Chemical insecticides used in vector control interventions have undoubtedly saved millions of human lives and will continue to be of utmost importance for reducing incidences of insect transmitted diseases. However, evolution of resistance is a major concern, reducing the effectiveness of currently available insecticides. Novel lines of research are being undertaken, which include diverse approaches such as the possible release of genetically modified insects refractory to infection by the microorganisms responsible for causing diseases [7, 8] , genetically modifying insects to increase susceptibility to microbial control agents [9] and the development of new insecticidal compounds (natural and synthetic) in the continuous fight against insecticide resistant vector populations. The potential of fungal pathogens for the control of the adult stage of the malaria mosquito Anopheles was first highlighted by two high impact research papers [10, 11] . Over the last year further studies of the possible use of entomopathogenic fungi for the control of malaria mosquitoes have been documented [e.g. [12] [13] [14] [15] ]. The dengue vector Aedes aegypti has not received the same level of attention, although it is also a possible target for entomopathogenic fungal control agents.
Entomopathogenic fungi such as Metarhizium and Beauveria are currently used for the control of agricultural and forest pests on a world wide basis [16] . Their "rediscovery" for use against vectors has been stimulated by the fact that it is not necessary to kill a vector insect to reduce vectorial capacity. As reiterated by Thomas & Read [13] , successful malarial parasite transmission is correlated with mosquito longevity: the vector is required to survive for at least the 2 week incubation period of the parasite. Therefore even small alterations in longevity can result in dramatic effects on transmission. Moreover, "non-lethal" effects of microbial infections could also reduce vectorial capacity by reducing propensity to feed, fecundity, flight/dispersal capacity and predator escape responses [10, 17] .
We are currently investigating the possibility of using fungus impregnated black cotton cloths for the control of adult A. aegypti [18] by placing these cloths in strategic positions where A. aegypti females are known to rest in human dwellings. Black cloths attract mosquitoes during resting periods as they can remain undetected on these surfaces. Impregnating these cloths with entomopathogenic fungi would act as lethal baits.
This type of technique has been tested once under field conditions in Africa for the control of the malaria vector Anopheles gambiae [11] . Fungus impregnated black cotton sheets hung from the ceilings of dwellings caused a 23% infection rate. This infection rate, when considered in a model for malarial transmission, predicted a 75% reduction in malarial transmission. This prediction does not take into account the other "positive" effects due to the fungi infecting the mosquito, such as the reduction in blood feeding and inhibition of malarial parasite development [10] . Reduced vectorial capacity of A. aegypti could also be expected following infection by entomopathogenic fungi, however the incubation period for the Dengue arbovirus in the mosquito is between 7 to 10 days [19] , a shorter period than that of Plasmodium development in Anopheles (14 days), indicating that highly virulent isolates of entomopathogenic fungi may need to be deployed against Dengue mosquitoes.
The mosquito A. aegypti is an interesting candidate for a fungal control program as it has evolved an intimate relationship with man, and can be described as an "urbanized" vector. Dengue could be classified as a man-made problem, with increasing incidences of epidemics directly correlated to high inner city human population densities, the uncontrollable increase in the use of non-biodegradable plastic packaging, deficient local government trash collection and lack of adequate sewage systems. On one hand the close proximity with urban conurbations means that A. aegypti is a highly dangerous vector whilst on the other hand limiting the areas that need to be targeted during interventions in order to control this insect.
Knowledge of insect behavior is also paramount in the planning of control strategies. For example, the emerging A. aegypti females seek blood meals during the early morning or early evening. Thus, the use of insecticide impregnated bed-nets, highly successful for the control of malaria vectors [20] , appears not to be an option for A. aegypti control. Interestingly, A. aegypti populations were significantly reduced in field trials where window curtains had been treated with insecticide [21] . Similar application technologies for entomopathogenic fungi could offer an alternative to conventional control measures. However, window curtains impregnated with fungi would have to take into consideration the fact that these microorganisms are highly susceptibility to the damaging effects of UV [22] , although strategically placing fungus-impregnated cloths within dwellings out of direct sunlight could be tested for A. aegypti control.
The combination of low concentrations of the insecticide Imidacloprid with entomopathogenic fungi has been the subject of previous studies by our group aimed at improving efficiency of the fungi for the control of agricultural pest species [23, 24] and it has been shown that Imidacloprid has no effect on conidial germination [23] . IMI is a systemic insecticide of the neonicotinoid group, with contact and oral toxicity. The site of action of this insecticide is the nicotinic acetylcholine receptor, therefore acting as a neurotoxin [25] . It was also found to act synergistically with Beauveria bassiana and Metarhizium anisopliae for the control of the Coleopteran Diaprepes abbreviatus [26] .
With the aim of increasing the efficacy of an entomopathogenic fungus for the control of A. aegypti adult females, experiments were carried out to first determine the sub-lethal concentration of Imidacloprid to be combined with a highly virulent isolate of M. anisopliae (LPP 133). Experiments were then performed to investigate the minimum time necessary to significantly lower daily survival rates of A. aegypti exposed to the combined agents with the future aim of reducing A. aegypti adult populations and thus reducing the incidence of Dengue.
Results
The sub-lethal concentration of IMI to be used in subsequent experiments was determined using the concentration-response curve of female A. aegypti. The LC 50 value was 4.04 ppm (confidence limits 0.88-15.3). The concentration of IMI used was negatively correlated with survival of A. aegypti (Figure 1 ). The only concentration tested that did not result in significantly different survival to the untreated controls (84.6% ± 0.95) was 0.1ppm with 82.3% (± 1.97) of mosquitoes remaining alive at the end of the experiment.
In order to verify the possible effect of 0.1 ppm IMI on mosquito survival following different time periods, insects were exposed to IMI for 3 to 48 h (Figure 2 ). All exposure times were not significantly different from the control values except for a 48 h exposure [F (5, 17) = 87.69 p < 0.01], which reduced mean survival to 37.7% (± 2.69). Survival curve comparisons using the Log-Rank test also confirmed this result (p < 0.0001). Therefore exposure times longer than 24 h were avoided in all future experiments.
When female mosquitoes were exposed to a combination of 0.1 ppm IMI plus the entomopathogenic fungus M. anisopliae, a reduction in survival rates were observed when compared to the use of the fungus alone. The survival curves for experiments where the mosquitoes were exposed to IMI, fungus alone and combinations of IMI + fungus for three different time periods (3, 6 and 12 h) are shown in Figure 3 . Treatments with fungus alone and IMI + fungus for 3 h resulted in moderate reductions in survival rates (51% and 44% respectively), significantly different from control survival (83% survival; F (3,11) = 5.11 p < 0.05), however, there was no significant difference between fungus alone and IMI + fungus (Table 1 ; p > 0.05). The daily survival rates for insects exposed to the different treatments for 6 h are shown in Figure 3B . Lower percentage survival was observed here and importantly a significant difference between fungus and IMI + fungus, with 26% of LPP 133 treated females surviving and only 11% survival of LPP 133 + IMI treated females (Table 1 ; F (3, 11) = 172.05, p < 0.01), although there was no significant difference between survival curves when using the Log-Rank test. A twelve hour exposure of insects to the different treatments showed a further decline in survival rates and the mean percentage survival was significantly different when comparing fungus and IMI + fungus (Table 1 ; F (3, 11) = 105.17, p < 0.01). Interestingly, following a 12 h exposure, there was a significant difference between the survival curves. The S 50 value for IMI + fungus was estimated to be 2 days whilst exposure to the fungus alone resulted in a S 50 value of 3 days (Table 1) .
Discussion
Fungi are potential candidates for the control of adult Dengue mosquitoes as confirmed in the current study and previously [18, 27] . Sub-lethal concentrations of IMI when combined with LPP 133 significantly reduced insect survival rates following a 6 h exposure of adult female mosquitoes to the two agents and significantly reduced mean survival times from 3 to 2 days following a 12 h exposure. At first hand it would seem unlikely that mosquitoes would rest for 6 to 12 h on fungus impregnated surfaces in order to reap the benefit of the combined agents, however, it should be remembered that our aim is not necessarily to cause rapid mortality of the mosquito but reduce survival rates, even if by small amounts.
In experiments where mosquitoes are forced to rest on fungus impregnated surfaces, increasing exposure times from 15 min to 30 min resulted in a more rapid killing effect, with 30 min exposure times causing 100% mortality in nine days and a 15 min exposure time causing 100% mortality in fourteen days [14] . Studies of fungal infections of malaria mosquitoes have shown that relatively small changes in survival rates were sufficient to significantly reduce vectorial capacity [13] . Thus significant reductions in survival rates using LPP 133 + IMI could reflect in a decline of DENV transmission rates. This will remain to be proven in field trials. Another factor to be taken into consideration is the conidial concentration applied to surfaces onto which the mosquitoes rest and subsequently become infected. In our previous studies we selected a conidial concentration that caused 80-90% mortality over a seven day period [18] , considering the incubation time of the Dengue virus. The concentration of conidia used is normally correlated to mortality rates, with higher mortality correlated to high conidial concentrations. However, ever increasing concentrations do not result in ever increasing mortality, with maximal reduction in survival rates seen when using 2 × 10 10 conidia m -2 [14] . The economic viability of applying very high conidia concentrations should also be taken into account. The strategy of combining insecticides with biological control agents is an interesting approach for controlling certain agricultural pest species, allowing the use of low concentrations of chemical insecticides, reducing the environmental impact of these chemicals and lowering the time taken for the pathogen to kill its host, a limiting factor in the acceptance of these agents. Insecticides have the capacity to increase stress and alter insect behavior that may lead to improved performance of entomopathogens [28, 29] .
The effects of the combination of insecticides and entomopathogenic fungi have been recently studied for the control of malaria mosquitoes. Mosquitoes pre-infected with B. bassiana or M. anisopliae showed a significant increase in mortality after exposure to permethrin when compared with mosquitoes exposed only to the insecticide, although mortality following exposure to the fungus alone was not evaluated in this experiment [15] . Another study investigated the effects of fungus impregnated window screens in combination with insecticide treated bed nets against Culex quinquefasciatus [30] . The only significant behavioral modification found was a reduction in blood feeding by Cx. quinquefasciatus, caused by the permethrin and B. bassiana treatments, although no additive effect was observed. B. bassiana did not repel blood foraging mosquitoes either in the laboratory or in the field [30] .
IMI has never been tested before in combination with fungi for control of mosquitoes. IMI is not currently registered for use in mosquito control but has been tested previous against three mosquito species, including A. aegypti [31] . Neonicotinoids such as IMI were shown to be toxic to larval and adult A. aegypti, although IMI was only considered to be an interesting candidate for larval control [32] . From the results of the current study we consider that adult A. aegypti are highly susceptible to IMI, with an indirect unforced contact bioassay giving a LC 50 value of 4 ppm.
Recently it has been shown that insecticide resistant populations of the malaria mosquito are equally susceptible to fungal infection as their baseline counterparts, and that fungal infection reduced the expression of resistance to the key public health insecticides permethrin and dichlorodiphenyltrichloroethane [15] . It has also been stated that pyrethroid resistant Anopheles gambiae were more susceptible to fungal infection that non-resistant strains [12] , however as two different strains were used in these experiments is difficult to make a direct comparison.
Although we consider M. anisopliae LPP 133 to be highly virulent to female A. aegypti, it is important to take into consideration the necessity of further reducing vector survival, as the unknown factor in this putative control strategy is the length of time the mosquitoes will eventually rest on the fungus impregnated surfaces. With the aim of increasing the time that mosquitoes may rest on the fungus impregnated cloths, we attached an attractant (BG Lure™; Biogents Ltd.) to the cloths, however no increased mortality was observed (unpublished data).
The virulence of a putative biological control agent such as an entomopathogenic fungus selected for A. aegypti control is important as any small alteration in kill time could have consequences for the transmission of the Dengue virus. Interestingly, DENV infected A. aegypti became immuno-compromised due to downregulated expression levels of numerous immune signaling molecules and antimicrobial peptides [33] , leading us to speculate that these mosquitoes could be more susceptible to fungal attack than non-DENV infected insects, a further bonus to a fungal control strategy.
In this study, we investigated the possibility of combining an insecticide with an entomopathogenic fungus with the aim of reducing vectorial capacity by joint action of the two agents. It is known that no "silver bullet" solution is available for A. aegypti control and an Integrated Vector Management approach should therefore be adopted.
Methods

Insects
A. aegypti (Rockefeller strain) colonies were reared in cages at 25°C; 75% RH;16:8 L/D photoperiod and provided with a 10% sucrose solution. Insects were provided with blood meals by placing a mouse, immobilized in a wire mesh bag, in the adult mosquito cages (method approved by the University of North Fluminense Ethical Committee). Following the blood meal, oviposition occurred in beakers half filled with water and lined with filter paper placed in adult cages. Egg eclosion was stimulated by total immersion of the filter paper in water to which mouse food had been previously added (24 h) to reduce oxygen levels.
Larvae were maintained in plastic trays and fed on minced commercial mouse food until reaching the pupal stage. Pupae were separated into water filled beakers and transferred to cages before adult emergence. Results followed by the same letter indicate no significant differences when using Duncan's post-hoc test (5% probability). Values for S 50 (mean survival time) were calculated using Kaplan-Meier survival analysis. ND = Not determined.
Recently hatched (2-3 day old) females were used for all experiments.
Concentration response curve for mosquitoes exposed to Imidacloprid
The commercial insecticide Confidor ® (Bayer, Brazil) which is composed of 70% Imidacloprid (IMI) and 30% inert materials was used here. Adult female A. aegypti were exposed to filter papers impregnated with 0.1, 1, 10, 50 and 100 ppm IMI dissolved in sterile distilled water + 0.05% Tween 80. One mL of IMI was sprayed onto each side of a piece of filter paper (8 × 6 cm) using a Potter tower (Burkart Ltd. UK). Following spraying the filter papers were left to dry for 16 h before being placed in plastic pots covered with netting (12 cm diameter × 7 cm high), to which mosquitoes were then placed. The filter paper was positioned upright in the pot. Thus, the total time the mosquitoes spent resting on the filter paper can not be determined by this method as mosquitoes could choose not to land on the filter paper (see Additional File 1; Figure S1 ). Adult females were exposed to the filter papers for 24 h, following which time the mosquitoes were transferred to clean pots. The pots were maintained in an incubator at 25°C; 70 ± 10% RH; 12L:12D. Mosquitoes were fed on 10% sucrose offered on filter paper discs placed on the netting surface. Survival of insects was determined on a daily basis for a 7 day period and dead insects were removed during observations.
It should be noted that these toxicity tests were not carried out using the WHO recommended protocol [34] as we adopted a method that allowed mosquitoes a choice of resting surfaces, considering that in the field, mosquitoes would not be forced to rest on insecticide or fungus impregnated surfaces.
Effects of sub-lethal concentrations of IMI during different exposure times
A sub-lethal concentration of IMI, as determined in the previous experiment, was used to investigate the relationship between increasing exposure times of insects to insecticide impregnated filter papers on daily survival rates. In this experiment, mosquitoes were exposed to IMI impregnated filter papers for 2, 8, 16, 24 and 48 hours and survival monitored as stated above.
Fungal Isolates and preparation of suspensions
An isolate of M. anisopliae from the collection of the Laboratory of Entomology and Plant Pathology at the State University of North Fluminense denominated LPP133 (originally isolated from a soil sample), was used in all experiments here as it had previously been demonstrated to have high virulence against adult A. aegypti [18] . Fungi were cultured on Sabouraud Dextrose Agar (Dextrose 10g; Peptone 2.5g; Yeast Extract 2.5g; Agar 20g in 1 L H 2 0) at 27°C for 15 days before being used in experiments. Fungal suspensions were initially prepared in Tween 80 (0.05% in sterile distilled water) and conidial concentration determined using a Neubauer hemocytometer. A standard concentration of 1 × 10 9 conidia mL -1 was used in all experiments. Fungal suspensions were vortex mixed vigorously before applying 1 mL to each side of a piece of filter paper (8 × 6 cm) using a Potter spray tower giving a conidial coverage of 1.5 × 10 8 conidia cm 2 on each side of the filter paper. As was the case for exposure of mosquitoes to IMI, the actual time the insects spent resting on the fungus impregnated filter paper could not be determined.
Exposure of insects to conidial suspensions formulated with IMI M. anisopliae conidial suspensions were prepared with and without a sub-lethal concentration of 0.1 ppm IMI (see results section) and sprayed onto filter papers as stated above. Female mosquitoes were exposed to filter papers for 3, 6 or 12 hours, before being transferred to clean pots. Insect survival rates were monitored as stated above. Control groups were exposed to 0.1 ppm IMI and 0.05% Tween 80 treated filter papers.
All experiments were carried out three times with a minimum of 30 insects per treatment or control group. The homogeneity of the replicate experiments was determined using the Log Rank Test [35] at the 95% significance level and subsequently the results were pooled for survival curve analysis, mean percentage survival and standard deviation.
Statistical Analysis
Probit analysis was used to calculate the LC 50 of IMI for female A. aegypti and the sub-lethal concentration of IMI was verified by one-way analysis of variance and Duncan's post-hoc test when comparing control and insecticide exposed insect mortality. Mean percentage survival over a seven day period following treatments was calculated and the results compared using one-way analysis of variance and Duncan's post-hoc test. Survival curve comparisons were carried out using the Log-Rank test. Median survival time (S 50 ) was calculated using Kaplan-Meier survival analysis.
Additional material
Additional file 1: Figure S1 Insecticide and fungal exposure system Photograph showing the type of plastic pot used in insecticide testing and fungal infection. The filter paper shown here was impregnated by submersion in a conidial suspension for display purposes only. Mosquitoes released into the pot (plastic lid removed for clarity) had free access to resting sites not treated with fungi or insecticide.
